Knowledge of seismic anisotropy is highly important for Otway site as it can improve the quality of seismic imaging and thus provide better 4D signal/noise ratio. The presence of anisotropy has already been reported at the Otway site.
INTRODUCTION
Otway project is a first demonstration of geological storage of CO2-rich gas deep underground in Australia. Stage 2C of the Otway project addresses the challenges of monitoring of injection using time-lapse seismic methods . The main component of the project is the monitoring of the injected gas using 4D surface seismic acquired with buried receiver array and 4D VSP datasets. Both types of data were acquired simultaneously using vibrators as a source.
Seismic image significantly depends on the quality of velocity model used for imaging. In cases when anisotropy is present, its effect cannot be neglected in order to obtain reliable seismic image. Significant presence of anisotropy has already been reported at Otway site (Pevzner et al., 2010 , Asgharzadeh et al., 2013 .
Here we investigate anisotropy analysis from 3D VSP data as 3D VSP provides us with sufficient offsets, azimuths and incident angle range for anisotropy estimations. We analyse changes of first-arrival times of direct P-waves with depth and azimuth. Since most of the 3D VSP surveys are focused only on the target zone, the VSP tool (normally consisting of a few geophones) is positioned at a fixed depth to get reflected energy from target horizon. This is because the cost to cover the entire well with geophone tools would make such seismic survey significantly more expensive. Such restriction on the coverage can be overcome by utilization of DAS (distributed acoustic sensing) measurements for 3D VSP surveys, since it is a cheap way to get VSP data for entire depth of the well. Correa et al. (2017) analysed positive aspects and limitations of DAS usage for VSP monitoring. Here we test the applicability of DAS measurements for anisotropy analysis from 3D VSP showing limitations and benefits of this method comparing it to results obtained with conventional geophones.
ANISOTROPY ANALYSIS FROM 3D VSP VSP data used for analysis
Stage 2C includes acquisition of baseline and five monitoring surveys to track evolution of injected CO2 plume. 4D VSP was conducted concurrently with 4D surface seismic. In our study we show results obtained from last (fifth) monitoring 3D VSP survey. VSP data was collected from several wells at Otway site, including the following datasets:
• CRC1 well -4D VSP with 8-level 3C geophone array from 760 m to 865 m; • CRC2 well -4D DAS VSP covering the entire depth; • CRC3 well -4D DAS VSP covering the entire depth and 4D VSP with 1-level 3C geophone at MD 775m. Figure 1 shows acquisition map and the locations of the wells.
P-wave direct arrival time analysis
The first step of anisotropy analysis from 3D VSP data was to analyse the travel-time curves. We compared the observed travel-times with those theoretically calculated using an isotropic velocity model, to investigate how significant the anisotropy is and how much it can affect our imaging results. Velocities for estimation of the theoretical direct wave arrival times were taken from zero-offset VSP (covering the whole wells CRC1 and CRC3). Travel-times were calculated for each source and each VSP receiver using ray-tracing. Figure 2 shows the time difference between the observed VSP direct arrival times and the times calculated with an assumption that our media is isotropic for geophone and DAS data for CRC3 well at a depth 775 m. Different colours represent different azimuths. One can observe the large misfit between the measurements and the isotropic model and that the values of misfit are significantly changing with azimuth. Yellow/orange points correspond to azimuth in which anisotropy is weaker while magenta points correspond to azimuth in which anisotropy is stronger. Such variation of the misfit with azimuth tells us that we are dealing with an anisotropic medium with more complex than VTI, possibly tilted orthorhombic medium. Figure 3 shows the maps of differences between observed and calculated first arrivals for isotropic media in CRC3 well using geophone data (left) and DAS data (right) for a depth 775 m. Isochrones on this maps clearly demonstrate the presence of the anisotropy and indicates slow and fast directions of wavepropagation. Grey points on the map with DAS data represent the area where first breaks were not observed. While geophone data allowed us to obtain the first break arrival times for the whole range of the offsets, we cannot extract such information from DAS data for far offsets. This is due to DAS being mostly sensitive to seismic waves polarised and propagating along the cable. Signal-to-noise ratio significantly decreases with the increase of incidence ranges. At a depth 775 m DAS gives us information about direct wave arrival times only within ~1 km offset range. This directional sensitivity is the main limitation of DAS. However, even within this limited offset range we still can see the differences among the varied azimuth ranges on DAS plot (Figures 2 and 3) , and this range should be enough to obtain anisotropy estimation from 3D DAS VSP data. The main advantage of DAS is that we can obtain such information for the whole range of well depth from DAS which we cannot do using only geophone's VSP. Analysis of misfit plots for other depths using DAS demonstrates that anisotropy character is changing with depth. Figure 4 demonstrates two examples of travel-time misfit maps for depths 355 m and 1375 m obtained with DAS data.
CONCLUSIONS
P-wave arrival times of 3D VSP data demonstrate significant deviation from the isotropic case. Analysis of geophones and DAS data shows that we are dealing with a complex anisotropic case which can be most probably described as a tilted orthorhombic.
The main advantage of using DAS compared to geophones is that DAS is much less expensive and allows us to acquire data for entire depth of the wells simultaneously. However, the quality of DAS data is not as high as geophone data because of the directivity issues of DAS, where DAS cable is not sensitive enough to register signal coming with big incidence angles (close to a perpendicular, which normally represents far offsets). However, the visible range should be enough to calculate anisotropy parameters using DAS.
Analysis of changes of first arrivals with depth demonstrates that anisotropy is changing with depth. DAS has potential for P-wave anisotropy estimation from VSP data and for the whole depth range of the borehole, however its limited sensitivity for far offsets might restrict the accuracy of estimation of all the relevant anisotropy parameters. 
